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Nowadays, hemoglobin monitoring is essential during surgeries, blood 
donations, and dialysis. Which are normally done using invasive methods. To 
monitor hemoglobin, a non-invasive hemoglobin meter was developed with 
five fixed light-emitting diode (LED) wavelengths at 670 nm, 770 nm, 
810 nm, 850 nm, 950 nm and controlled using an Arduino Uno embedded 
development board. A photodetector with an on-chip trans-impedance 
amplifier was utilized to acquire the transmitted signal through the finger 
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Bland-Altman and root mean square error (RMSE) of 0.57 gm/dL. To further improve the 
Embedded accuracy, the LED power was standardized and the PPG signal was reacquired 
Hemoglobin on the same subjects. With this, the accuracy improved to 98.29% and also 
Photoplethysmography reduced the RMSE to 0.36 gm/dL. The designed system with LED power 
Standardization standardization showed a good agreement with pathology results with the 
coefficient of determination R7=0.981. Also, Bland-Altman analysis was 
used to evaluate the designed system and it showed good agreement between 

the two measurements. 
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1. INTRODUCTION 

Hemoglobin is a protein that is found in human blood that carries oxygen from the lungs to different 
parts of the body. The normal range of Hemoglobin concentration in blood is from 13.5 to 17 gm/dL for males 
and 12 to 15 gm/dL for females [1]. Anemia is a serious public health problem affecting 25% of the world's 
population consisting mostly of women and children below 5 years old [2]. Anemia is a disorder in which the 
blood lacks the necessary amount of healthy red blood cells [3]. Women who are anemic have severe problems 
during menstruation and pregnancy. Pregnant women who are anemic have a higher risk of giving birth to 
babies that are underweight, as well as a higher risk of prenatal and maternal death [4]-[9]. Hemoglobin testing 
is a crucial test for determining anemia in subjects donating blood and in patients awaiting surgical procedures 
[10]-[12]. The prevalence of Anemia in all the groups in India and all over the world are shown in Table 1. 

In the invasive method, blood is drawn from the arm using a syringe. This technique is very painful, 
time-consuming, and not in real-time. A non-invasive technique enables for one-time or continuous 
hemoglobin monitoring with minimal risk of infection and discomfort. Several researchers have worked on 
developing non-invasive hemoglobin meters and some are still working to improve the accuracy of estimating 
non- invasive hemoglobin. Timm ef al. [13], designed a system with three light-emitting diode (LED) 
wavelengths to estimate the concentration of hemoglobin using the photoplethysmography (PPG) principle and 
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a blood gas analyzer was used for system calibration. Doshi and Panditrao [14] developed a device for 
hemoglobin determination by calculating the amount of light absorption by oxy and deoxy hemoglobin at two 
different wavelengths (660 nm and 940 nm). Azarnoosh and Doostdar [15], recorded PPG signal 
simultaneously at four different wavelengths (560 nm, 590 nm, 660 nm and 950 nm). It showed a high 
correlation between PPG signal characteristics and hemoglobin concentration. Pinto et al. [16], designed a 
system with five LEDs in the wavelength range of 670 nm to 950 nm and a single photo detector to capture the 
PPG signal and the results showed better accuracy of estimating total hemoglobin. Yi et al. [17], created a non- 
invasive hemoglobin apparatus with eight different laser diodes in the wavelengths range of 600 nm to 1100 
nm to acquire PPG signals. There are also several commercially available non-invasive hemoglobin estimation 
instruments with diagnostic accuracy of less than 1 gm/dl. Radical 7, a non-invasive meter developed by 
Masimo Corporation, measures hemoglobin content based on light absorption in the blood utilizing different 
LED [18]. The NBM 200 is another non-invasive hemoglobin meter that works on occlusion spectroscopy and 
calculates the intensity of multiwave length light passing through the finger while blood flow is briefly 
occluded [19]. These devices are very expensive and not affordable to common people. 

In this paper a low-cost real-time embedded system with Arduino Uno was developed to estimate 
hemoglobin concentration non-invasively with five LED wavelengths. The main objectives are to designing a 
system with five standardized LEDs and a photodetector for recording the PPG signal. To implement an 
algorithm to remove the variations in the PPG signal and to extract the PPG features of the PPG signal. And to 
estimate non-invasive total hemoglobin concentration with high accuracy. 


Table 1. Statistics of anemia by world health organization [20] 


Prevalence of Anemia World India 
Non-Pregnant women (%) 29.6 53.1 
Pregnant women (%) 36.5 50.1 
Children less than 5 years (%) 39.8 53.4 


2. RESEARCH METHOD 

In our designed system, total hemoglobin was estimated by standardizing all five LEDs power. From 
the literature [21], [22], it was observed that oxy-hemoglobin and reduced hemoglobin exhibit a significant 
difference in the molar extinction coefficient as shown in Figure 1. Since near-infrared light penetrates tissues 
with greater depth and therefore wavelengths from 600 nm to 1000 nm are used as LED sources for non- 
invasive hemoglobin estimation [23]. The intensities of all these LEDs are different. Before they can be 
compared, the measured light intensities at various wavelengths must first be standardized. For different 
wavelengths, the tissue's absorbing properties and the sensitivity of the photodetector also differs [24], [25]. 
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Figure 1. Molar extinction coefficients vs measured wavelengths of multichip LEDs 


2.1. Process of LED standardization 

The first step of standardization is to verify the wavelengths of the multichip LEDs. These 
wavelengths are verified using (a) Ocean Optics USB 2000+ Spectrometer for the wavelengths from 670 to 
850 nm and NIRQuest spectrometer for 950 nm. During the verification process, the multichip LEDs were 
placed in front of the spectrometer detector and the peak wavelength of the LEDs was observed on the Ocean 
Optics SpectraSuite as shown in Figure 2. This entire experiment was carried out in the darkroom. 
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Figure 2. Peak wavelength of the multichip LEDs 


The second step involved in standardization is power measurement of individual LEDs 
(MTMD6788594SMT6) which was done using Newport power meter 2936R with a silicon detector at a fixed 
distance of 1.2 cm. Initially, we had used some random fixed value of resistance that is 68 Q and the power of 
the individual LEDs was measured without standardization. These are listed in Table 2 and it was observed 
that the power of the individual LED's differs. When we recorded the PPG signal with these LEDs, we had to 
apply a calibration factor in the software algorithm which was resulting in a slight error in the estimation of 
hemoglobin. 


Table 2. Without standardized LEDs power 
Wavelength of LED (nm) LEDs power Observed (mW) 


670 1.02 
770 1.16 
810 1.05 
850 1.04 
950 1.49 


Later, the LED power was standardized by maintaining constant power of 1 mW for the individual 
LEDs using the Newport power meter. To do that we had to adjust the forward current flowing through the 
LEDs by varying the limiting resistance. A fixed resistance value was introduced for each individual LED to 
maintain constant radiant LED power of 1 mW. Also, the forward current (in mA) flowing through LEDs and 
voltage drop of each LED were measured using the multimeter. The following resistors were selected to obtain 
constant power are listed in Table 3. 


Table 3. Standardized LEDs power 


Wavelength of Current flowing through Voltage Drop across Limiting 
LEDs (nm) the LED(I (mA)) LED (Vp) Resistance (Q) 
670 21.1 1.80 71 
770 18.3 1.62 92 
810 23.4 1:55 dd 
850 24.7 1.46 74 
950 12.3 123 168 


The limiting resistance for the individual LEDs is calculated using 


Vs-V. 
R=- D 


(1) 


where Vs is the supply voltage i.e. 3.3 v and Vp is the voltage drop of the LED, I is forward current in mA. 
The circuit diagram for standardizing LED power is shown in Figure 3. 
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Figure 3. Circuit diagram of multichip LEDs with constant power output with OPT101 


2.2. System design 

The system design of the Non-invasive hemoglobin meter is shown in Figure 4. A system was 
designed with five LEDs on a multichip (MTMD6788594SMT6) with a photodetector OPT101. The five LEDs 
were turned on in sequential order using the Arduino Uno embedded development board. 


Photodiode with 
on-chip Trans-impedance 


Figure 4. Block diagram of the system designed 


Each LED is trans-illuminated on a small area of skin on the fingertip. Due to the cardiac cycle, the 
blood volume varies in the arteries and therefore there is variation in light intensity through the fingertip. This 
variations in the light intensity are detected by the OPT101 which is converted into voltage called as PPG 
signal. This signal is then digitized using the Arduino Uno system's 10-bit ADC. These digitized data are then 
processed to estimate and display total hemoglobin on the organic light emitting diode (OLED). 


2.3. Computing total hemoglobin from PPG signal 

The principal light absorbers in the area of interest are the arterial and venous blood, skin pigmentation 
[26]. The PPG signal is a pulsating waveform that contains both alternating current (AC) and direct current 
(DC) components. The pulsating AC component arises from the variation of blood volume during the systolic 
and diastolic states. The DC component occurs due to attenuation by the epidermis, skin, tissue. During the 
systolic cycle, the volume of blood increases due to the increase in the arterial diameter. As a result, the 
absorbance of light in tissues containing arteries increases. During the diastolic cycle, the reverse occurs. This 
results in a time-varying transmitted light signal which is called a photoplethysmography signal [27], [28]. 
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(2) 


= AC Component of the PPG 
Ay ~ log E Component of the ere] 
Where A, is optical density. Using (2), the optical density for the five PPG wavelengths is calculated. The AC 
component of a PPG signal is the difference between its Peak (maximum) and Valley (minimum) voltages, 
whereas the DC component is the Valley voltage. 
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Where: 

eHb*> molar extinction coefficient for reduced hemoglobin for a specific wavelength. 

eHbO4 > molar extinction coefficient for oxy-hemoglobin for a specific wavelength. 

Hb & HbO: > concentration of oxy-hemoglobin and reduced hemoglobin in grams per liter [29]. 

Total hemoglobin is estimated by calculating the concentration of oxy-hemoglobin and reduced 
hemoglobin using (3). The entire flow of the system for estimating the total hemoglobin non-invasively is 
depicted in Figure 5. First, the OLED is configured to display the contents. The PPG signal is recorded for five 
different LED wavelengths. A moving average filter is used to remove the variations in the PPG signal. The 
peak voltage and valley voltage of the PPG signal is extracted for each PPG signal. Quality assessment is done 
for each PPG signal to obtain the good peaks and valleys. Here, the mean of peaks and the mean of valley 
voltage of the PPG are calculated. If the peak and valley voltage is closer to the mean peak and mean valley, 
those values are saved; else, they are discarded in the computation. The AC component and DC component for 
each PPG wavelength are calculated. Next, each PPG signal's optical density is calculated. Next, the subject's 
total hemoglobin is estimated using the optical density and extinction coefficients of hemoglobin at five 
different wavelengths. Finally, the designed system with five wavelengths (non-invasive method) displays the 
total hemoglobin level on the OLED display. The entire design of the hemoglobin meter is shown in Figure 6. 


Configure the OLED Display 


Record the PPG for five different wavelengths in sequential 
Detect the peak and valley voltage of the PPG signals 
Quality Assessment of the PPG signals 


Calculate the AC Component and DC Component of the PPG signals 


Calculate the Optical Density using AC and DC 
component for each PPG signal 


Calculate the Total Hemoglobin using the Optical Density and 
extinction coefficients of hemoglobin for five wavelengths 


Display Total Hemoglobin level on the OLED 


Figure 5. The entire flow of the implemented system 
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Figure 6. Designed hemoglobin measurement system 


3. RESULTS AND DISCUSSION 

The non-invasive system for hemoglobin estimation with five wavelengths with 1 mW radiant power 
and exposure duration of less than 30 seconds. In this study, the subjects were fifteen individuals (Ten males 
and five females) between the age group of 18 to 60 years. Initially, total hemoglobin was estimated without 
standardization of LED power. The PPG signals were recorded at five different wavelengths. Later, total 
hemoglobin was estimated using standardized LED power on the same subjects. The invasive measurement 
was also conducted with the same subject at the same time in the pathology laboratory to confirm the estimated 
result obtained from our system. Each individual LED was turned ON in a sequential order for five seconds 
for recording each PPG signal with a one-second delay between each recording as shown in Figure 7. 
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Figure 7. PPG signal for different wavelengths with standardization of LED power 


Table 4 indicates the estimation of total hemoglobin for five wavelengths without and with 
standardized LEDs power. The root mean square error (RMSE) between the reference values and estimated 
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hemoglobin without standardization of LED power was 0.59 gm/dL and with standardization of LED power 


was 0.32 gm/dL. The accuracy for hemoglobin estimation without standardization of LED power was 96.51% 
and the accuracy for estimating total hemoglobin with standardization of LED power was improved to 98.29%. 


Table 4. Hemoglobin estimation for subjects 


Total Hemoglobin estimated with the Error in Total Hemoglobin 
Total Hemoglobin designed system (Non-invasive measured 
F sured in Patholo ; method) z a z 
Subject No arses t 8y Without With Without With 
(emidL). Standardized Standardized Standardized Standardized 
LEDs power LEDs power LEDs power LEDs power 
(gm/dL) (gm/dL) (gm/dL) (gm/dL) 
Sub. 1 17.50 16.87 17.02 0.63 0.48 
Sub. 2 15.50 13.96 14.74 1.54 0.76 
Sub. 3 11.20 11.52 11.37 0.32 0.17 
Sub. 4 16.20 15.92 16.34 0.28 0.14 
Sub. 5 14.00 13.65 13.98 0.35 0.02 
Sub. 6 12.50 11.80 12.97 0.70 0.47 
Sub. 7 15.20 14.82 15.09 0.38 0.11 
Sub. 8 13.50 12.97 13.11 0.53 0.39 
Sub. 9 16.70 16.46 16.60 0.24 0.10 
Sub. 10 12.20 11.89 12.07 0.31 0.13 
Sub. 11 14.90 14.39 14.69 0.51 0.21 
Sub. 12 16.70 16.15 16.45 0.55 0.25 
Sub. 13 14.50 14.04 14.29 0.46 0.21 
Sub. 14 16.80 16.36 16.54 0.44 0.26 
Sub. 15 12.00 11.62 11.94 0.38 0.06 


3.1. Regression analysis 

Figure 8 provides a comparison of estimated hemoglobin using the designed system (non-invasive 
method) vs measured hemoglobin using invasive method for fifteen subjects. The regression analysis gives a 
coefficient of determination (R°) of 0.965 for estimating total hemoglobin without standardization of LED 
power and (R°) of 0.981 with standardization of LED power and shows a better fit for the model. 
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Figure 8. Estimated hemoglobin with the designed system (non-invasive) vs measured hemoglobin (invasive) 


3.2. Bland-Altman analysis 
The Bland—Altman analysis compares the estimated and reference measurement values graphically 
[30]. 


Bias (d) = Yd, (4) 


Where d,: reference value-estimated value, n: the number of subjects. 
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Standard deviation(Sq) = = Lae — a)’ (5) 


n-1 
limits of agreement = Bias + 1.96 Sq (6) 


Figure 9 shows the Bland-Altman analysis for estimating hemoglobin. The limits of agreements and 
bias are indicated by the outer dotted lines and a black middle line respectively. The bias, standard deviation, 
and levels of agreement are calculated by using (4), (5), and (6) respectively. From Figure 9, Bias is 
0.47 gm/dL, Sq of 0.38 gm/dL, and limits of agreement from 1.2 to -0.28 gm/dL for total hemoglobin estimation 
without standardization of LED's power. Similarly, with standardized LED power, the bias, Sa and limits of 
agreement are 0.15 gm/dL, 0.29 gm/dL and 0.71 to -0.42 gm/dL respectively. The values plotted showed less 
spread across the bias for the five wavelengths PPG after standardization of LED power. 
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Figure 9. Bland-Altman analysis for the designed system 


4. CONCLUSION 

Accurate non-invasive estimation of total hemoglobin is of utmost importance. Here we report a 
newly-developed non-invasive hemoglobin monitoring system with five fixed LED wavelengths at 670 nm, 
770 nm, 810 nm, 850 nm, and 950 nm with standardized LED power. The monitoring system has been tested 
on fifteen subjects without and with standardization of LED power. The results of both measurements were 
compared to those obtained at a pathology lab utilizing invasive methods. The accuracy of estimating total 
hemoglobin was improved from 96.51% to 98.29% and the RMSE was reduced from 0.57 gm/dL to 
0.36 gm/dL when LED power was standardized. The PPG system, which was designed with LED power 
standardization, has high linearity for hemoglobin estimation with a coefficient of determination (R7=0.981) 
compared to without standardization of LED power (where R7=0.965). Also using Bland-Altman, our results 
showed a bias and SD of 0.15+40.29 gm/dL between non-invasive measurement (designed system with 
standardization of LED power) and invasive measurement (pathology) compared to 0.47+40.38 gm/dL without 
standardization of LED power. Also, it shows less bias and SD which indicates less spread of readings with 
standardization of LED power compared to without standardization of LED power. 
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